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Compi«.s P «ific«ionfoMh,^ E ^ IMPROVED METAL ALLOY PRODUCTS* 

(AL-SI ALLOY) .". 



The following statement is a full description of this invention, including the best method of performing it known to US . 



The present invention relates to dispersion- 
strengthened aluciniun: alloys. The mechanical proper ti 
of a dispersion-strengthened alloy product ar 3 governed by 
fine dispersion of microscopic insoluble particles and/or b 
the dislocation structure or grain structure resulting fro^ 
the presence of these particles. 

In our co-pendins Patent Application No* 6904S/74, 
we have described the production of dispersion-strengthened 
al^uninium alloys by working a cast mass of aluuiiniun, in wh 
brittle rod-like inter:aet/illic phases, usually ternary into 
metullic phases, are present, so as to segment the rod-like 
phases to for^ separate particles which are dispersed throu 
the mass. It was found that when inuermetallic particles o 
a size within the range of about 0.1 - 2 microns diameter f 
about 5-0 - 20 volune per cent of an aluminium alloy v the 
worked alloy possesses very interesting mechanical prcperti 
The mechanical properties or the alloy decline when tne vol 
fraction pi" the internetallic -phase falls below 5*0f-\ while 
the ductility and toughness decline when, the vclv.i. x ^v. 
exceeds 20/'-. The nechanical properties of the pro... 
ali-o adversely affected by the preser.ee of coarse - 
retallic r articles of a size ir. excess of ? r.icrons c: c;;:;.vc 

The most convenient method for producing red-like ir.t 
metallic phases in an alur:ini~.ir. nass is to cast a ternary 
eutectic alley, incorporating alloying elements which .for-: 
internetallic phases with alu^iniur: on soiidif icat icn , 
selected casting conditions to produce ro-calltsd "co-.pi^d 
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growth". That phenomenon is well-known and is explained 
in an article by J.D. Livingston in "Material Science 
Engineering", Vol. 7 (1971 ), pages 61-70. 

In the alloys considered in cur co-pending Application 
5 No. 69048/74, it was found possible to obtain the desired 

structure of closely spaced rods of the intermetallic rhase 
by producing ingots by conventional direct chill continuous 
casting. 

It was found that vj l th the terna:; eutectic alloy 
• 10 systems, to which that procedure is primarily applicable, the 

desired structure of intermetallic phases in the form of 
closely spaced rods of appropriate size could be achieved if 
the growth rate (rate of deposition of solid metal in a 
direction perpendicular ^o the solidification front) exceeded 
15 1 cm/minute. It was also necessary to ensure that there was 

* * a suitable temperature gradient in the liquid metal to avoid 

/** the formation, as far as possible, of coarse prinar-y inter- 

metrllic particles at localities in advance of the solidi- 
fication front. 

20 The method of our said co-pending Patent Application 

•••• No* 69048/74, has been found very satisfactory for the pro- 

duction of aluminium alloy sheet having a good combination of 
yield strengtn and formability characteristics. 

Aluminium- silicon alloys having 5-1 l6i content have 
25 been known for many years. In such alloys the silicon content 

does not form an intermetallic phase and, when cast by the 
direct chill continuous casting process under the coalitions 
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employed for the production of ingots of substantial thick- 
ness (lor example 10-30 cms), it is found that the siliccn 
phase solidifies in the form of relatively coarse blade-like 
ribbons having a thickness in the range of 2-5 microns and 
a substantially greater width. 

Al-Si alloy sheet has been rolled from such ingot 
icaterial. 

The alloy sheet in the as-rolled condition has satis- 
factory strength, but is tco brittle to permit it to be 
formed. If the cold-rolled sheev is annealed at temperature 
above 250°C its ductility and formability are greatly 
improved but its yield strength has then fallen to about the 
level of annealed coimercial purity aluminium sheet. 

Although the product has found use in. special appli- 
cations, this has been restricted to applications where low 
mechanical strength is acceptable* 

As compared with many other aluminium alloys, Al-Si 
5-12% alloys have several advantages. Silicon is a low cost 
alloying element. The alloys are inexpensive to process 
and have good corrosion resistance, so that their relatively 
low mechanical strength is unfortunate. 

It is an object of the present invention to provide 
an improved method of processing these alloys to take advan- 
tage of these advantageous properties and in particular it i 
an object of the invention to provide a method of r recessing 
the alloys to provide alloy sheet which has aocept-3b?e 
forsability cov.pled with better tensile properties than are 



round in the alloys when subjected to rolling and annealing 
as described above. 

We have now found that it is possible to obtain Al-Si 
5-12%' alloy products of improved mechanical properties by 
casting the alloy , utilising special casting procedures which 
are effective to solidify the silicon content in the form of 
fine branched rods, i*e. rods in the range of about 0.05-0*5 
microns in diameter and then subjecting the cast alloy to 
working so as to fracture the silicon rods and form a dis- 
persion of fine silicon particles in a corresponding size 
range. The working should result in a reduction of at least 
6C% and may be hot or cold-working. In most instances the 
reduction of the slab thickness will be effected solely by 
cold-rolling • but where the slab is reduced by hot-rolling, 
at least a further 10% reduction by cold-rolling is epplied. 

Fine silicon particle size produces some improvement 
in yield strength in the cold-rolled sheet it the as-rolled 
state, but that improvement is of little practical importance 
There is however a very marked improvement in the yield 
strength of the sheet after partial annealing at a tempera tur 
in the range of 250-4 00°C while the formability of the sheet 
has improved to a level such that the sheet may bo used for 
deep drawing or severe stretch-forming operations* Its suit- 
ability for this purpose is indicated by tensile elongation 
greater than 15&» preferably about 20?--. 

It is believed that the principal beneficial effect of 
the fine silicon particles in imparting this combination" of 



adequate formability and improved yield strength in the 
partially annealed condition is that they retain a fine 
uniform grain or sub-grain size during the final annealing 
treatment. In order to achieve optimum results therefore 
the particle size is of importance and the dispersion of the 
particles thrcuph the alloy should he as uniform as possible. 
If the perticles are coarse or unevenly dispersed the grains 
will be too large. Cn the other hand if the particles are 
too small (less than 0.05 microns) they will not have the 
effect of locking the grains. The grain boundaries will by- 
pass the particles and the material will have good form- 
ability, but low yi^ld strength. 

The presence of primary particles in the alloy in 
addition to the fine particles can be tolerated up to about 
25t by volume, but these large particles lead to decreased 
formability and their formation should be avoided as fur as 
possible. The process of the present invention is preferably 
applied only to Al-Si alloys containing 5-^2f= Si, but much 
of the benefits of the invention are obtained with hyper- 
eutectic alloys containing up to 155* Si. Below 5% Si the 
volume fraction of dispersed particles is too small to develop 
the desired tensile properties, accompanied by good form- 
ability. 

The development of the desired structure in the cast 
material can only be achieved by continuous casting the alloy 
under conditions which lead to a grov/th rate of at. least 
25 cms/min. and more preferably at least 4-0 cms/r;in, and 



conveniently 50-85 ccs/nin . The diameter of the silicon 
rods decreases with increase in growth rate and as already 
noted the size of the silicon particles should not be less 
than about 0.05 microns. It is accordingly estimated that; 
the growth rate during casting should not exceed about 
250 cns'/r.in. It is in any event extremely difficult to 
achieve high a growth rate in any commercial". practicable 
continuous casting operation. The cast material is normally 
cast as a continuous slab having a thickness of about G mm. 
The maximum slab thickness consistent with a growth rate of 
25 cms/xin. is about 25 mn # 

It is however possible to reduce the Si content down to 
about *±% by weight. ■ In such event it is preferred to incor- 
porate additional alloying constituents which have the effect 
of raising the volume fraction of secondary phases above 5/-* 
In particular the invention contemplates the addition of up 
to 2/c Fe by weight and up to 25c Mn (total Fe and ftn y<~ maximum) . 
Up to 2% each Cu, Kg and Zn are also permissible, but prefer- 
ably the total of Cu, Kg, Zn and Fe and Mn is held below J>j by 
weight. Other elements may be present in a total amount of 
1% maximum (0.5% each mace. ) . It is however preferred that the 
total of other elements should be held below u.15/^* where re 
is present in only the amounts conventional as ir.purity in 
commercial-purity aluminium, the total of impurities , including 
Fe , is preferably held below 0.5/*, all alloying elements other- 
then Cu, Kg and Mn being considered as impurities. 
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A ncn-cont inuous method of casting, such o.s c = 
into a permanent mould, does not achieve the desired struc- 
ture, nor can. it be achieved by procedures which require in- 
version of the liquid metal into discrete droplet, such o.s 
so-called splat casting. 

In order to achieve optimum properties the cast i:: 5 
procedure employed should result in the specified high rrcv.tr. 
rate substantially throughout the thickness of the cast 
material. 

In procedures for casting thin alunimu:: slab using 
direct water cooling or chilled netal coding systems, the 
rate of advance of the solid-liquid interface (growth rate) 
is close to the casting rate. With a thick ingot or a r.ould 
wirh low heat transfer rate , such as a belt caster, the growth 
rate will be siuch less than the casting rate. The growth 
rate is the important pareneter since as the growth rate 
increases the number of Si rods increases (with correspond- 
ingly reduced diameter). 

In practical high-volume casting equipment this require- 
ment of high growth rate is most easily achieved by the use of 
twin-roll type casters, such as the continuous strir carters , 
manufactured by Hunter Engine erinij Company, of Miver^rde, 
California, United States of America, in which the molten 
■metal is solidified in the nip of a pair of he iy chilled 
rolls, which drav the molten metal upwardly out an inrul?.-ec 
injector nozzle in close proximity to the roll:;. ly-pic r:l ly 
in.^astimj; equipment of that; type the sast ir.atenul is i:; -h* 



■ v form of a slab in "a thic^ess ran^o of mm and irf case 

at a speed of 60-100 cms/mi n. (with a corresponding grcv;th 
rate in the range of 50- -85 czs/nin, ) . The metal is essen- 
tially fully solidified when it passes the centre line cf the 
5 caster rolls and it is . subjected to heavy compression as it 

passes through the gap between the rolls with the consequence 
that its surfaces are in excellent heat exchange contact with 
the caster rolls. 

,l It is found that by the use of this equipment Al-Si 

] 10 alloys, having a silicon content in the range cf 5-125- car. te 

cast in the form of a thin slab having substantially all the 
silicon in the form of fine rods* With ar Si content in the 
range of 12-15?^ there nay also be a content of primary 
silicon particles. This thin cast slab is then subjected to 
15 cold-rolling to effect at least 60% reduction and preferably 

♦ 

even greater reductions are employed. This leads to the 

• • • 

fragmentation of the silicon rods to form fine silicon 

• • • 

\ particles which are very evenly dispersed throughout the 

■ • • 

materials 

• • • 

• 20 As compared with Al-Si alloy sheet of the. same composi- 

• • • 

* tion, but produced by hot-rolling ingots of conventional size, 

for example having a thickness cf 15 cms produced by con- 
ventional direct chill continuous casting at a casting speed 
of 15 cms/min. Cand corresponding growth rate of the order of 
25.... 6-6 cms/min. ) Al-Si alloy sheet produced by the procrrrlure of 
the present invention exhibits a considerable increase in 
mechanical properties. A desirable combination of yield- 



strength and fornability is obtained waen the cold v/orkod 
sheet has been subjected to a partial annealing treatment , 
such as holding at 3C0°C for 2 hours. it is believe:; that th 
principal beneficial effect of the silicon particles, in the 
size range obtained by fragmentation of the silicon reds, is 
that they retain or stabilize a fine uniform grain cr sue- 
grain size. 

In carrying out the procedure of the invention it is 
preferred that the silicon content of the alloy should be 
somewhat below the eutectic composition, in order to extend 
the freezing range. ?or example a Si content of 7-1 C:"- is 
preferred for the present purpose* The mechanical properties 
of the product may be improved by the addition of a sr. all 
proportion, for example up to 25o, of Cu and/or Mg. (not nore 
than 3% in total). It is usually preferred for such addition 
(if made) to be 0.2-155 of Cu or Mg. In addition to improving 
the mechanical properties of the alloy sheet, it also reduces 
the anisotropy between the transverse and longitudinal pro- 
perties. It in no way detracts from the advantages cf the 
present procedure to incorporate snail amounts of re anc/cr 
Mn f as already stated. These will solidify as a ternary 
intermetallic phase with Al and Si. However, the amount of 
such additional alloying elenents should not be. raised to sue 
a level that the volune fraction of the precipitated oi and 
ternary intemetallic phases exceeds about 2C>~ , since this 
leads to a decline in the tougliness and ductility. 
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The following Example compares the structure of 
Al-9»5% Si iii the as-cast condition when cast ar a conven- 
tional Direct Chill ingot on the one hand and as thin slab 
at high growth rates in excess of 40 cms/nin. on the other 
hand. 

ZXATiPLE 1 

Comparison of As-cast Al-9«5/J Si Structures 

Conventional D irect Trn - ^o" ^ 

Casting: Direct Chill c??? n ~ T K 

0 (DC) Chill Slab Caster ^lab 

Cross-Section: 10 x 23 cm 0.6 x 30 cn 0.7 x 63 en 

Casting Rate: 7.5-10 cm/mi n» 75-120 cm/min 60-SO cz:/nin. 

Growth 

(Solidification) ^ 6-8 cn/min/ ... 40-60 cm/min 50-75 cn/n:in. 
Rate 

Kir-pofltTairi-«r« Blade-li>e Fine brancned. Fine branched 

r.icrostructure g± Si rods Si rods 

Silicon phase 2-5 microns less than less than 

cross-section -J- microns ^ micron 

The following Example compares "the strength and elonga- 
tion properties of cold-rolled sheet produced from twin roll 
caster slab and thin D.C. slab cast at the high growth rates 
of locample 1 as compared with cold rolled sheet produced from 
a D.C. ingot, cast at conventional growth rates of the order 
of 6-8 cms/min. 

The thin Direct Chill slab was cast by a procedure 
similar to standard Direct Chill casting, except that a very 
thin ingot is cast. The mould was a water-cooled copper 
mould, 19 mm in lengthy and applied a high velocity 
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(150 cm/sec.) water film to the emerging ingot. The 
ingot casting rate was in the range 75-120 CDs/r.in. The 
high casting rate in conjunction with the high rate of heat 
extraction ..from the thin slab gave very high growth rates 
in the central portion of the ingot • 
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Note: (1) Ultimate Tensile Strength (UTS) and Yield 

Strength (YS) are averages frcm longitudinal 
and transverse standard sheet tensile speci- 
mens; elongations measured over 5 cn Gauge 
length. 

(2) As-cast 6 xnn thick slab annealed 1 hour at 
indicated temperatures before cold rolling 
to 1 mm sheet. 

(3) Standard D.C # Ingot, 10 cm thick, preheated 
to 350°C, hot rolled to 6 inn, then cold rclle 
to 1 mm. 

EXAMPLE 3 

Thin D.C. slab was produced from Al-Si alloys of 
different Si content in a thickness of 6 mm at a growth rate 
of 40-60 cms/min. This was then cold-rolled to 1 mzi sheet. 
The sheet was then partially annealed at 3C0°C or 350°C for 
2 hours. The yield strength was then plotted against the 
% Si as shown in the accompanying Figure 1 , from which it wil 
be "seen that there was a progressive increase in yield 
strength as the -Si content was increased through. the range 
6% Si to 11.5% Si. 

The cast slab > having the rod-like silicon phase, may 
be coiled and dispatched for rolling and subsequent annealing 
at another location. It bus forms a valuable article of 
commerce in itself. 



• «• • • 
► • ♦ • 



• « 

• • » o 

» • 

• • • • 



9 • 4 
• # • • 



5 



10 



15 



EXAMPLE a 

An aluminium silicon alloy having the composition 
Si 9-4?:, Fe 0,17?:, Ti 0.03?; Ai balance (impurities below 
0.01% each) was cast in a Hunter £ngineerin£ Twin Roll 
Caster at a speed of 70 cms/min. , thickness of 7.4- mm and 
width 84 cms* The molten alloy was supplied to the head- 
box of the machine at a temperature of about 610 C C. 

The cast slab was subjected to a slab- anneal in;; or 
homogenize ng treatment at a temperature in the z-ange cf 
250-400°C before cold-rolling for at least £ hour to pre- 
cipitate silicon from solid solution. 

This slab-annealing treatment reduces the tendency 
to cracking, which may otherwise occur during the cold- 
rolling operation. Indeed it is very difficult to cold- 
roll the slab successfully unless it has first been* sub- 
jected to such slab-annealing treatment. 
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CLAIMS DEFINING- TBS IS7SSTICN — A ~ : " " 

1. An aluminium alloy product formed from an alloy 
having the following composition: 



Si 




A- - 


15% 


Cu 


up 


to 


2% 


Kg 


up 


to 




Zn 


up 


to 


2% 


Fe 


up 


to 


2£ 


Kn 


up 


to 


2% 



: Others up to 0,556 each (up to 1*0J£ total) 

» • 

Al remainder 

• • 

the Fe and Kn content not exceeding in total, the Si and 
intermetallic phases being essentially in the fore of elon- 
gated rods and the product being essentially free from coarse 

*• 

• * primary particles, said aluminium alloy product being in 

••• the form of a cast slab having a thickness of not more than 

• •I 25 

• ■■ * - ■ ■ ■ . . 

2m An aluminium alloy product according to claim 1 

'*■'.-.".■ 

• in which Si content is below 1256» 
. • • • 

3. An aluminium alloy product according to claim 2 
having a composition consisting essentially of 

Gi 7 - 10% 

Cu up to 1.C# 

Kg up to 1.0% 

Kn up to 1 .056 

Others up to 0+Z>% each (total 1.0&) 
Al remainder. 
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4. An aluminium alloy product according to claia 2 
having a composition of 

Si 7 - 1C% 

Cu 0*2 - 1% 

Others up to 0,5% total. 

5. A method of producing an aluminiun-silicon alloy 
sheet product which comprises casting an aluminium- si lie on 

• « • 

alloy in the form of a thin slab at a growth rate in excess of 

# * 2$ cms/min. to solidify silicon in the form of elongated rods 

II in a size range of 0.05-0.5 microns , subjecting the cast slab 

• • • * 

to at least 60% reduction to fragment said elongated silicon 
■•**♦ rods into finely divided separate particles, said slab being 

subjected to at least a final A0> reduction by cold-rolling, 

to convert.it into final sheet form, said cold-rolled sheet 

• ■.■.*■'''■•■'■','" 
•* being subjected to annealing' at a temperature in the range of 

** # 250-400 C, said alloy having the -following composition: 



Si 




4- > 




Cu 


up 


to 


251 


Kg 


up 


to 


2% 


ZZL 


up 


to 


2% 


Fe 


up 


to 


■ 256 


Kn 


up 


to 


25i 



Others up to 0*5% each (up to 1.0£ total) 
Al remainder 
the Fe and Kn content not exceeding 5&- in total* 
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6. A method -according to claim 5 in which said 
alloy has the following composition: 

Si 7 - loss 

Cu up to 1.0;© 

Kg up to 

Mn up to 1*051 

Others up to 0*3% each (total 1.0%) 

Al remainder. 

7. A method according tc ciai* 6 in which said alloy 
has the following composition: 

Si 7 - 10% . 

Cu 0.2 - 1.05& 

Others up to 0.5^ total. 

8. A method according to any of claims 5 to 7 in which 
the alloy is cast at a growth rate ±x\ the ranee of **0-S§ 
cms/min, 

9 # A method according to any of claims 5 to 8 in which 
the cold roiled sheet is annealed at a temperature in the 
range of 300-350°C 

10. A method according to any of claims 5 tc 9 in which 
the as-cast olab is annealed at a temperature of 2p0-4C0 o C 
before cold-roiling. 
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